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Specific heat measurements in zero magnetic field are presented on a homologous series of geo-
metrically frustrated, antiferromagnetic, Heisenberg garnet systems. Measurements of Gd3Ga5O12,
grown with isotopically pure Gd, agree well with previous results on samples with naturally abun-
dant Gd, showing no ordering features. In contrast, samples of Gd3Te2Li3O12 and Gd3Al5O12 are
found to exhibit clear ordering transitions at 243 mK and 175 mK respectively. The effects of low
level disorder are studied through dilution of Gd3+ with non-magnetic Y3+ in Gd3Te2Li3O12. A
thorough structural characterization, using X-ray diffraction, is performed on all of the samples
studied. We discuss possible explanations for such diverse behavior in very similar systems.
PACS numbers: 75.50.Lk, 75.50.Ee, 75.40.Cx
I. INTRODUCTION
Magnetic systems of spins residing on the sites of a
lattice of corner-sharing simplexes, such as triangles or
tetrahedra, coupled via a nearest-neighbor (n.n.) an-
tiferromagnetic Heisenberg exchange Hamiltonian, H0,
are highly frustrated. The spins are unable to minimize
their energy pair by pair and, at the classical level, such
a model tends to result in a sort of “spin liquid” state
without long range order (LRO) and with zero net mag-
netic moment, Ms, on each simplex.
1 Perturbations to
H0, H
′, such as exchange beyond n.n. and dipolar in-
teractions, perhaps assisted by thermal and/or quantum
fluctuations, are typically expected to lift the classical
ground state degeneracy and drive the system into a state
of LRO. However, the ground state remains extremely
fragile against quenched random disorder and as a re-
sult, rather than developing LRO, the combination of
high frustration and weak random disorder can in prin-
ciple2–4 cause a system to exhibit a spin glass transition.
Such process seems to be occurring in the pyrochlore sys-
tem Y2Mo2O7 (YMO),
5,6 for example.
In this article, we investigate a homologous series of
frustrated garnet materials which are described by a 3-
dimensional network of corner sharing triangles7 (shown
in Fig. 1) which, despite their similar Hamiltonians, ex-
hibit very diverse thermodynamic behavior. Specifically,
we carry out low temperature specific heat measure-
ments on three Gd garnet materials: Gd3Ga5O12 (GGG),
Gd3Te2Li3O12 (GTLG) and Gd3Al5O12 (GAG). With
largely isotropic, S = 7/2 Gd3+ moments, these materi-
als should be fair representations of classical Heisenberg
antiferromagnets. However, because of the low energy
FIG. 1: (color online) The cubic unit cell of the Gd3A2B3O12
garnet structure, showing only the Gd positions which form
two interpenetrating networks of corner-sharing triangles,
known as hyperkagome lattices (one shown in blue and the
other in green).
scale of exchange interactions (J1 ∼ 0.1 to 0.14 K),
8 the
dipolar interaction becomes very important.
The first material, GGG, has been extensively studied
previously. Experiments by Schiffer et al. have suggested
that GGG is a spin glass in low field, albeit a some-
what unconventional one.9 The spin glass interpretation
is largely based on glassy relaxation in the ac suscep-
2tibility and a sharp peak in the nonlinear susceptibility
(χ3) at around 180 mK.9 However, there is also a broader
peak in χ3 at 450 mK and there is no corresponding max-
imum in the specific heat (as seen in Fig. 2) but rather
a maximum in C/T at around 125 mK. Applying small
magnetic fields, >∼ 300 mT, destroys the spin glass state
and gives way to a cooperative paramagnetic or spin liq-
uid state.10 At higher magnetic fields, >∼ 0.6 T, a complex
phase diagram emerges including a “bubble” of antifer-
romagnetic order and reentrant behavior reminiscent of
the 4He melting curve.11,12
One might quickly conclude that the unconventional
glassy physics of GGG is a result of small levels of disor-
der. Indeed GGG is known to have an unavoidable 1-2%
off-stoichiometry whereby excess Gd is found on some of
the Ga sites.13 However, the glassy behavior of YMO, for
instance, is fairly standard5 whereas GGG shows highly
unconventional properties suggesting that the glassiness
of GGG has a more complicated origin than a simple
sensitivity to disorder. Therefore, in this work, we aim
to explore the effects of subtle changes in Hamiltonian
and disorder on the Gd-garnet lattice. To do so, we have
measured the specific heat of a series of homologous Gd
garnet materials, all of which are highly frustrated, yet
the resulting ground states are found to be very differ-
ent, with clear indications of long range order (LRO) in
all samples except GGG. Hence, we show that the ex-
otic physics of GGG is not an inherent property of Gd
garnets and results from much more subtle effects. Ad-
ditionally, we have tested the effects of random chemi-
cal substitution of non-magnetic Y3+ for Gd3+ in GTLG
to investigate in a controlled manner a level of disorder
comparable to, or even higher than, that of GGG. Our
results show that spin glass behavior resulting from a
generic sensitivity to an arbitrary form of disorder is too
simple a picture for this particular series of materials.
In this paper, we first discuss the samples studied, in-
cluding their likely Hamiltonians, and summarize a de-
tailed structural characterization which is further de-
tailed in the Appendix. We present results on a GGG
sample which support previous work and then discuss
new results on GTLG and GAG as well as the effects
of controlled substitutional disorder. Finally, we discuss
possible explanations for the diverse thermodynamic be-
havior seen in this very similar set of materials.
II. SAMPLES AND EXPERIMENT
We have measured a single crystal of GGG, made from
isotopically pure 160Gd, grown from the same powder
used for neutron scattering measurements.14,15 Prepara-
tion of this sample has been described in Ref. 16. The
samples of GTLG and GAG were polycrystalline samples
made from Gd with natural isotopic abundance. GTLG
samples were made by solid-state reaction in air of Te
and Gd (Y) oxides and Li carbonate, pressed into pel-
lets, at 850 C for 10 hours, then regrinding and firing
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FIG. 2: (color online) Specific heat (C) and C/T of isotopi-
cally pure GGGmeasured with coarse temperature resolution.
Results match well with previous work9. The temperature re-
gion marked with a red box has been remeasured with a high
temperature resolution shown in the inset and again does not
find evidence of an ordering transition.
a second time. The polycrystalline sample of GAG was
made using the sol-gel method.17 It was heated to 1350 C
for one hour, then removed from the furnace and rapidly
quenched to room temperature, to minimize the forma-
tion of perovskite-phase GdAlO3.
18 Powder x-ray diffrac-
tion spectra in both cases could be indexed to space group
Ia3¯d. A 2.4% (by weight) GdAlO3 impurity phase was
found in GAG.
GGG has been the subject of numerous measurements
in the past as a result of its exotic low-temperature be-
havior. It is well understood that GGG samples tend
to suffer from an off-stoichiometry, specifically excess
Gd3+ ions randomly occupying otherwise non-magnetic
Ga3+ sites.10,13,19,20 The level of this disorder is typi-
cally 1 to 2% (see Ref. 13) thus the chemical formula
of GGG is more accurately written as Gd3+xGa5−xO12,
with x ≃ 0.03 to 0.06. In one attempt to control the
off-stoichiometry of GGG, Schiffer et al.9 grew a powder
sample rather than a single crystal, in the hope that the
sample’s stoichiometry would better match that of the
starting ingredients (which was correct to within 0.1%).
Although this resulted in a 50 mK reduction in the freez-
ing temperature, it is not clear whether the change is a
result of a modified stoichiometry or some other struc-
tural parameter. Specific heat measurements by Dun-
siger et al.21 on a powder sample of GGG gave essentially
the same results as single crystal experiments. Without
being able to appreciably alter the inherent disorder in
3GGG, we propose here to explore the results of subtle
changes in the Gd-based garnet Hamiltonian by study-
ing the homologous materials GTLG and GAG, that may
also be cleaner systems.
We have engaged in an in-depth characterization of all
of the samples measured here in an attempt to quantify
the disorder in GGG and to determine whether the other
garnet systems (GTLG and GAG) are in fact “cleaner”,
with regard to substitutional disorder. At least naively,
it does seem improbable for Gd3+ ions to easily substi-
tute for Li+ or Te6+ ions in GTLG, which possess very
different valence charges. In the case of GAG, the va-
lence of Gd3+ and Al3+ ions is the same, but the ionic
radius of Al3+ is quite different, more so than Ga3+ for
example.22,23 It remains important to validate such as-
sumptions with a structural characterization of the ma-
terials. A complete description of the X-ray diffraction
study is given in the Appendix, but we include here a
summary of the salient results.
In the case of single crystal GGG, no diffuse scatter-
ing was detected, which would have been an indication of
chemical disorder or stacking faults in the sample. High
resolution reciprocal space mapping around Bragg re-
flections showed very clean resolution-limited symmetric
peaks with no appreciable effects due to off-stoichiometry
domains in the sample. If such domains exist, they must
be larger than ∼ 150 nm in size and exhibit lattice con-
stants identical to the rest of the GGG sample. X-ray
diffraction measurements are thus consistent with the
GGG crystal being highly perfect. Given that there is
likely some off-stoichiometry in our GGG sample, the
contrast between Gd and Ga is perhaps not sufficient
to permit the direct observation of such disorder in the
crystal structure. However, an important piece of in-
formation comes from the lattice constant, determined
for our sample to be 12.3873 ± 0.0001 A˚at room tem-
perature. In previous structural work on GGG, a lin-
ear correlation between excess Gd concentration, x, in
the formula Gd3+xGa5−xO12, and the lattice parameter
a was observed.19,20 Increasing Gd concentration con-
tributes to a systematic and noticeable increase in the
lattice parameter allowing us to indirectly determine the
stoichiometry of our sample. Based on that work, we ob-
tain x = 0.053 ± 0.005 for our sample, or 1.8% ± 0.1%
excess Gd3+ on the Ga sites in our GGG crystal.
Powder X-ray diffraction patterns of the polycrys-
talline GTLG and GAG samples also exhibit very sharp
peaks and Rietveld refinements showed excellent agree-
ment with the expected crystal structure. Pure and Y-
doped GTLG samples showed very similar lattice con-
stants: 12.3865 (5) A˚ and 12.3861(5) A˚, respectively.
This suggests that the Y3+ ions easily take the place
of Gd3+ ions, without otherwise perturbing the crystal
structure. A Rietveld fit showed the Y-content in the Y-
doped sample to be 3.2(9)%, close to the expected target
concentration of 2%. The lattice parameter of our GAG
sample is 12.1090(6) A˚.
While no indications of an off-stoichiometry were ob-
served, the error in the fit gives a maximum possible level
of off-stoichiometry of 0.4% on the Al (in GAG) or Li (in
GTLG) sites. Thus, without being able to completely
rule out an excess of Gd on Al or Li sites (in GAG and
GTLG respectively), we can state that it is at most a
fairly small level compared to the off-stoichiometry in
GGG. However, there is insufficient contrast in the X-
ray measurements between Gd and Te (in GTLG), to
determine whether there is mixing between those sites.
As a good method of discerning long range order
(LRO) from conventional spin glass physics (in which one
finds broad specific heat bumps24) and moreover from the
unconventional glassy behavior previously seen in GGG,
we used specific heat, C, measurements to characterize
the magnetic ground states of these systems. We employ
the quasi-adiabatic method as described in Refs. 25,26,
with thermometer and heater fixed directly to the sam-
ples. 6 µm diameter, ∼ 1 cm long superconducting leads
were used to provide excellent thermal isolation. A long
time constant of relaxation (τ > 1 hour) ensured that
internal temperature gradients due to poor thermal con-
ductivity (of particular concern in the powder samples)
were not a significant source of systematic error.
III. HAMILTONIANS
Before comparing the properties of these materials, it
is important to discuss how similar one expects them to
be at the microscopic level. They are likely to be de-
scribed primarily by a Hamiltonian consisting of nearest-
neighbor exchange
HEx =
∑
〈i,j〉
J1Si · Sj (1)
and dipolar interaction
HD = D
∑
〈i,j〉
r3nn
r3ij
[Si · Sj − 3(Si · rˆij)(Sj · rˆij)] (2)
Further neighbor interactions may be important, as
seems to be the case in GGG,27,28 but for the other com-
pounds (GTLG and GAG) studied here, these interac-
tions have not yet been determined. There also may be
some small single-ion anisotropy present in these materi-
als. The single-ion anisotropy energy of GGG was found
to be less than 0.04 K29 and it might be different in the
other garnets, especially in GTLG which has a differ-
ent charge configuration hence a possibly different crystal
field.
Measurement of the high temperature susceptibility
gives the Curie-Weiss temperature θCW , which is insensi-
tive to the dipolar interaction for an isotropic moment,8
but instead represents primarily the nearest-neighbor ex-
change interaction, obtained through θCW ≃ 4J1nS(S +
1)/3kB, where n = 4 is the coordination number.
8 This
gives J1 = 126 mK for GTLG,
8 J1 = 142 mK for GAG,
30
4TABLE I: Nearest-neighbour exchange interaction (J1), lat-
tice parameter (a), dipolar interaction strength (D) and tran-
sition temperature (TC) for the four materials studied here.
Compound J1 (mK) a (A˚) D (mK) TC (mK)
Gd3Ga5O12 107 12.387 45 140 (Tg)
Gd3Li2Te3O12 126 12.387 45 243
Gd3Al5O12 142 12.109 48 175
and J1 = 107 mK for GGG.
27,31 The dipolar interaction,
on the other hand, is purely defined by the size of the
moments and the distance between the magnetic ions.
Since the lattice parameters of these compounds are very
similar and we have the same magnetic species in each
material, the dipolar interactions are also very similar in
magnitude. In fact, it is nearly identical between GGG
and GTLG at D = 45 mK whereas GAG has a slightly
increased dipolar interaction of D = 48 mK. Thus, across
this series of materials we have a subtle progression of the
ratioD/J1: from GAG (0.34) to GTLG (0.36) then GGG
(0.42). The known Hamiltonian parameters of these sys-
tems are summarized in Table I.
IV. RESULTS
GGG Results. An initial measurement of C(T ) of
GGG was made over a large temperature range (from
80 mK to 930 mK) using temperature steps of roughly
5 mK below 200 mK and temperature steps of 10 mK
above 200 mK. Results of our specific heat measurements
on GGG, shown in Fig. 2, agree remarkably well with
the previous specific heat measurement of Schiffer et al.9
(on a single crystal containing naturally abundant Gd).
We find a broad feature with a maximum at around 800
mK. This feature seems to drop out at lower temperature
roughly as T 0.8 until around 125 mK, at which point
there is a maximum in C/T as the specific heat develops
a steeper T -dependence. The specific heat measurement
of Dunsiger et al. on a naturally abundant Gd, powder
sample is very similar, though the peak in C/T is found
to be more pronounced.21 This result suggests that the
isotopically pure sample measured here exhibits the same
physics as do naturally abundant Gd-containing samples
and reconfirms the absence of a sharp ordering feature in
C that would indicate a transition to LRO.
While most early low T experiments on GGG show
spin glass-like behavior, there are a number of later
results that provide evidence against a conventional
spin glass transition. Muon spin relaxation (µSR) and
Mo¨ssbauer spectroscopy experiments, for example, show
significant persistent spin dynamics (PSDs) down to tem-
peratures as low as 25 mK.21,32,33 Most curiously, neu-
tron scattering experiments on GGG, made possible by
samples made from isotopically pure 160Gd that does not
absorb neutrons, have shown sharp diffraction peaks de-
veloping below 140 mK.14,15. Though these peaks are
not sharp enough to imply true long range order, they
suggest magnetic ordering with a correlation length of at
least 100 A˚. This has been suggested to be a type of mixed
spin liquid/solid state – a “spin slush” of sorts.15 More
recent bulk ac susceptibility measurements have shown
highly unconventional glassy relaxation and have been
interpreted as a signature of an ordering transition.34
Recent inelastic neutron scattering measurements have
revealed three gapped dispersionless excitations, two of
which have been attributed to dimerized antiferromag-
netic correlations.35
In a theoretical study,27,28 aiming to relate the sharp
features in the GGG neutron scattering pattern15 with a
long-range ordered state, the spin-spin correlations were
treated via a mean-field theory and using an Ewald sum-
mation method to handle the important dipolar inter-
actions. Tuning the second (J2) and third (J3) n.n.
couplings and simulating the powder neutron diffrac-
tion signal, Ref. 27 was able to find excellent agreement
with experiment, thereby determining optimal interac-
tion strengths. Most interestingly, it was found that the
system exhibits a quasi-degeneracy critical (soft) modes
that would lead to an enhancement of thermal and quan-
tum fluctuations as well as make the system very sensitive
to small amounts of disorder.2,28
This apparent development of rather long range or-
der15 and its seeming consistency with theoretical ex-
pectation27,28 makes the lack of an ordering transition
in specific heat measurements very paradoxical indeed.
In order to address this problem, we performed an ad-
ditional measurement using a much higher temperature
resolution of 1 mK over the temperature range 130 mK
to 230 mK to search for small or narrow features near
where the neutron scattering peaks were discovered that
might have been previously missed. This choice of res-
olution is based on scaling results of well characterized
antiferromagnets to a transition temperature of 140 mK,
suggesting one might expect a peak in C with a width
of only several mK. However, the high-resolution scan
of C, shown in the inset of Fig. 2, also does not reveal
any anomalies that might be interpreted as an ordering
transition.
GTLG Results. Having again verified that GGG
lacks an ordering transition, we turn to very similar
systems that may shed light on its unusual behavior.
Thus we perform measurements on the related materials
GTLG and GAG. In stark contrast to GGG, GTLG dis-
plays a very sharp phase transition at 243 mK as shown
in Fig. 3. This is close to the temperature (∼ 250 mK)
where a feature was previously observed in the magnetic
susceptibility of GTLG.8 The transition is clearly first-
order, exhibiting a much sharper peak in C than could
be expected for a continuous phase transition. With
a Curie-Weiss temperature θCW ≃ −2.7 K in GTLG,
8
this ordering temperature gives a frustration index f =
θCW /TC = 11. Below the transition, C drops out faster
than T 3 suggesting that it is exponential and that there
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FIG. 3: (color online) Specific heat of GTLG showing a
sharp first-order phase transition. The specific heat drops
out quicker than T 3 below Tc. Inset (a) shows the entropy
as a function of T compared with the total R ln 8 entropy in
the system. Inset (b) shows CT 2 as a function of T−1 and a
linear fit suggestive of spin waves with a gap of ∆ = 0.62 K.
are gapped spin wave excitations, as would be expected
from LRO with a strong dipolar interaction and as previ-
ously reported in the frustrated pyrochlore antiferromag-
net Gd2Sn2O7.
26,36 Gapped spin waves should result in a
low temperature behavior C ∼ T−2e−∆/T , thus we plot
log(CT 2) vs. 1/T in inset (b) of Fig. 3. The resulting
linear fit gives ∆ ≃ 0.62 K. As in Gd2Sn2O7, we ex-
pect the gap here to come primarily from the anisotropic
dipole-dipole interactionHD. Above the transition, there
is a broad feature centered around roughly 1.0 K, sim-
ilar to the broad feature in GGG centered at ∼ 0.8 K
(see Fig. 2). This broad feature is likely related to the
gradually developing short range correlations which are
observed for T <∼ 3 K with neutron diffraction experi-
ments in the case of GGG.15 Obtaining the entropy (S)
from a numerical integral of C/T shows that only about
14% of the total R ln 8 entropy in the system is accounted
for by the transition, as shown in inset (a) of Fig. 3.
GAG Results. The third system studied here, GAG,
may represent a “material bridge” in between GGG
and GTLG with a smaller and broader transition at a
lower temperature of 175 mK (shown in Fig. 4). With
θCW ≃ −3.0 K,
30 it is more antiferromagnetic than the
other two garnets, but seemingly more frustrated than
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FIG. 4: (color online) Comparison of the specific heat of GGG
(blue squares), GTLG (green triangles), GAG (red diamonds)
and a sample of 2% diluted GTLG (violet x’s).
GTLG, with a frustration index f = 17. Otherwise,
it shows similar features to GTLG, with a broad max-
imum centered around 1 K and a steeply dropping spe-
cific heat at lower temperatures. As in GTLG, the tran-
sition in GAG accounts for only a small percentage of
the total R ln 8 entropy in the system. The smaller and
broader peak may result from the small (∼ 3%) fraction
of GdAlO3 impurity phase mentioned in Section II.
Effect of Dilution. It seems likely that GTLG does
not have the same off-stoichiometry that is found in
GGG, making it a “cleaner system”; Gd3+ ions are un-
likely to take the place of Li+ or Te6+ ions as easily as
Ga3+ ions and the extensive sample characterization dis-
cussed above and in the Appendix corroborate such an
expectation. In order to explore the effects randomness,
we have added a low level of disorder to GTLG through
dilution of Gd3+ ions with 2% non-magnetic Y3+ ions.
The level of disorder introduced in this way is comparable
to the off-stoichiometry measured in our sample of GGG,
and which is typical of GGG samples. Nonetheless, this
“dirty” GTLG sample shows a significantly broadened
peak but no noticeable change in the peak temperature,
as shown in Fig. 4. At temperatures well below and well
above the transition, the specific heat of the pure and
diluted samples match, and the transition region (from
around 140 to 300 mK) accounts for the same amount of
entropy in both systems, suggesting that the ground state
ordering is not appreciably altered by the 2% impurity.
6V. DISCUSSION
Despite the expectation that they are described by sim-
ilar microscopic spin Hamiltonians, we find GTLG and
GAG to in fact behave entirely differently from GGG.
The only commonality in all three systems is the broad
feature signaling short range correlations at around 0.8
K in GGG and 1.0 K in GAG and GTLG. The lower
temperature of the broad feature in GGG is consistent
with its smaller nearest neighbor exchange interaction
J1 = 0.107 K
27,31 as compared to J1 = 0.126 K for
GTLG8 and J1 = 0.142 K for GAG.
30
The sharp features observed in GTLG and GAG are
in all likelihood signatures of transitions to long range
order. In fact the majority of insulating rare-earth gar-
nets studied37–39 exhibit transitions to a magnetically or-
dered state.40 An exponential drop in the specific heat of
GTLG below the transition, indicative of gapped spin-
wave excitations, also provides strong evidence of LRO.
Such behavior is reminiscent of the Gd pyrochlore mate-
rial Gd2Sn2O7 which also shows a sharp first-order phase
transition to a ground state exhibiting static magnetic
order36 and well-defined, gapped excitations as seen by
neutron scattering41 and specific heat experiments.26
The materials GTLG and GAG clearly do not share
the same glassy physics as GGG since spin glasses are
universally found not to exhibit a sharp peak in C, but
rather a broad feature near Tg.
24 Our results prove that
the glassy physics of GGG is not a ubiquitous property
of Gd garnets and we seem therefore to be left with two
possible conclusions.
(i) The first possibility is that GGG exhibits a spin
glass transition that is a result of its finely tuned Hamilto-
nian and that is unrelated to the small levels of quenched
disorder present in the system. The theoretical support
for such a topological spin glass state is severely limited,
however, one example being anisotropic kagome antifer-
romagnets.42
Nonetheless, it is tempting to consider an exciting pos-
sibility: that the presence of several interaction terms
of different spatial range and anisotropic nature may,
through their competition, lead to a complex energy
landscape causing glassy behavior that is not induced
by quenched randomness.42 Such a phenomenon paral-
lels a theoretical description of structural glasses that
builds on the notion of locally preferred structure in a
liquid that is frustrated at large length scale due to its
inability to suitably fill space, hence inhibiting the for-
mation of a crystalline state and leading to a glass tran-
sition.43 Could a HFM system, with its locally satisfied
Ms = 0 simplexes, display a disorder-free freezing akin
to the glass transition when subject to the competition of
the longer-range terms that constitute H′? This may well
be realized in a system like GGG where the dominant lo-
cal, nearest neighbor Heisenberg exchange (constituting
H0) is in competition with the also important long range
dipolar interaction, representing H′.27,28 If such a sce-
nario is applicable, the relatively sharp neutron diffrac-
tion peaks15 may constitute a signature of the short range
locally preferred structure.
Within such a picture, some accidental fine tuning of
the parameters of the Hamiltonian is likely required in
order to produce the necessary competition between lo-
cal and long range interactions to give rise to a magnetic
analog of the glass transition, even without quenched dis-
order. GTLG and GAG may be outside this narrow
“window” of required parameter space, with too low a
ratio of D/J1 to create the required long-range frustra-
tion. However, in many glass forming liquids (see for
example Ref. 44) it is found that slightly tuning interac-
tion strengths, for instance by altering the substituents
of molecules, without changing the overall symmetry of
those molecules, does not tend to preclude the glass tran-
sition. The two ordered materials, GTLG and GAG,
show a more conventional behavior of frustrated dipo-
lar antiferromagnets, where the dipolar interaction re-
lieves frustration and increasing D/J1 leads to increas-
ing TC/J1. However, limited conclusions can be drawn
from the ratio D/J1 alone, since further-neighbor ex-
change interactions are likely to play an important role
in the physics of Gd-based garnets. Indeed, it was found
in mean-field calculations that the paramagnetic correla-
tions in a Heisenberg spin garnet system are highly sen-
sitive to second and third nearest neighbor exchange.27
(ii) A plausible alternative is that a sensitivity of the
system to small levels of disorder indeed results in a spin
glass transition in GGG. In this context, since the or-
dered ground state of GTLG appears to be robust against
a level of random magnetic site dilution at least as high
as that found in GGG, our results perhaps indicate that
the type of disorder may be the crucial ingredient caus-
ing GGG’s exotic behavior. In other words, the random
excess of Gd on Ga sites, found in GGG, may be a much
more powerful way to introduce random frustration and
trigger a spin glass transition than simple dilution of the
magnetic moments.
In conclusions, we have provided some evidence, on
the basis of X-ray diffraction measurements, that this off-
stoichiometry is not present or is at least less significant
in the GTLG and GAG systems, which instead show clear
ordering transitions. This work may, therefore, suggest
that the response of a HFM to weak random disorder
can be highly nontrivial, and a function of the nature
of that disorder in concurrence with the nature of the
interactions present.
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7Appendix: Details of Sample Characterization
1. Powder samples
The powder samples were finely ground in an agate
mortar and pressed into an aluminium sample holder.
Powder X-ray diffraction patterns (XRD) were collected
in Bragg-Brentano geometry at room temperature in a
STOE goniometer using the Cu Kα radiation (λ=1.54178
A˚) produced by en ENRAF-NONIUS FR571 rotating an-
ode generator. A Moxtek 2500 Silicon drift energy sen-
sitive detector was used in order to minimize the back-
ground level. The patterns were measured in the 2θ in-
terval from 10 to 95◦, with a step size of 0.01◦ and 30 s
counting time per step.
Rietveld refinements of the powder samples were per-
formed with the program GSAS45 using the EXPGUI
graphic interface.46 Peak profiles were modeled using the
pseudo Voigt function as implemented by Van Laar and
Yelon,47 in which low angle peak asymmetry is calculated
from the axial divergence as described by Finger et al.48
The background was fit using an eight term Chebyschev
polynomial of the first kind. A total of seven structural
parameters were refined in the final cycle for the pow-
der samples: the three oxygen atom coordinates and the
Debye-Waller factor for every atom position. No pre-
ferred orientation was observed and therefore none was
refined.
The GTLG sample showed a very clean XRD pow-
der pattern with very sharp peaks (FWHM= 0.054◦
at 2θ = 35◦) even at high angles (FWHM= 0.077◦
at 2θ = 85◦). The sample is cubic with space group
Ia3¯d (230). A small peak was observed at 2θ = 18.45◦
(d = 4.81 A˚), presumably from a small impurity. It
could be due to a small percentage (≤ 1%) of Li2Te
or LiGdO2, both of which have their maximum inten-
sity peak around d = 4.81 A˚49. It was not possible to
determine with certainty which compound makes up the
impurity since its amount is very small and only one peak
shows in the XRD pattern. The Gd2.94Y0.06Te2Li3O12 or
Y doped GTLG sample also showed a very clean XRD
powder pattern, with very sharp peaks (FWHM= 0.056◦
at 2θ = 30◦) even at high angles (FWHM= 0.084◦ at
2θ = 85◦) and no impurity phase was observed.
In the Rietveld refinement of Gd2.94Y0.06Te2Li3O12 an
extra parameter was introduced as the Y and Gd shared
occupancy of the 24c site. Both atoms were fixed to have
the same Debye-Waller factor. The plots from the final
Rietveld fits are shown in Fig. 5. Both samples show an
excellent agreement between the structural model and
the experimental pattern with final Rietveld weighted
profile R-factor, Rwp, values of 7.03% for GTLG and
7.65% for Y doped GTLG.
The two compounds show very similar cell parame-
ters: a = 12.3865(5) A˚ for the pure GTLG samples and
a = 12.3861(5) A˚ for the Y doped material. Table II
shows the atomic coordinates for both the Gd3Te2Li3O12
and Gd2.94Y0.06Te2Li3O12 samples respectively. They
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FIG. 5: Rietveld refinements of GTLG and Y-doped GTLG,
showing experimental X-ray diffraction patterns, fit and resid-
uals.
show that the structures of the two compounds are very
similar, which is also confirmed by the inter-atomic dis-
tances. Table III shows the inter-atomic distances around
the oxygen atom, which is the only atom with refined co-
ordinate values. All the distances are compatible with
reported literature values. The Y content in the doped
sample was 3.2(9)% according to the Rietveld refinement,
close to the expected value from the synthesis (2%).
The GAG sample also showed a very clean XRD pow-
der pattern with very sharp peaks (FWHM= 0.064◦ at
2θ = 33◦) even at high angles (FWHM= 0.0927◦ at
2θ = 86◦). The sample has the expected cubic space
group Ia3¯d with lattice parameter of 12.1090(6) A˚. There
is a small impurity of GdAlO3 (ICSD code 59848
49). The
plots from the final Rietveld fits are shown in Fig. 6.
Again, we see an excellent agreement between the struc-
tural model and the experimental pattern with final Ri-
etveld Rwp values of 5.95%. Table II shows the atomic
coordinates obtained from the structure refinement. No
evidence of atomic disorder between both Al positions
and the Gd was observed in the Rietveld refinement. In
the refinement, a GdAlO3 impurity was treated as a sep-
8TABLE II: Atomic coordinates from the Rietveld refinement of the three powder garnet samples. Only the oxygen sites have
refined coordinate values.
Compound Atom Site x (A˚) y (A˚) z (A˚) Occupancy Thermal Displacement (Uiso)
GTLG Li 24d 0.37500 0.00000 0.25000 1.0 0.021(4)
Te 16a 0.00000 0.00000 0.00000 1.0 0.0177(2)
Gd 24c 0.12500 0.00000 0.25000 1.0 0.01923(17)
O 96h 0.27892(18) 0.10449(18) 0.1985(2) 1.0 0.0146(9)
Y:GTLG Li 24d 0.37500 0.00000 0.25000 1.0 0.039(4)
Te 16a 0.00000 0.00000 0.00000 1.0 0.0222(3)
Gd 24c 0.12500 0.00000 0.25000 0.968(9) 0.02342(18)
Y 24c 0.12500 0.00000 0.25000 0.032(9) 0.02342(18)
O 96h 0.27892(18) 0.10449(18) 0.1985(2) 1.0 0.0208(9)
GAG Al(1) 24d 0.37500 0.00000 0.25000 1.0 0.0240(5)
Al(2) 16a 0.00000 0.00000 0.00000 1.0 0.0224(6)
Gd 24c 0.12500 0.00000 0.25000 1.0 0.02343(14)
O 96h 0.28150(14) 0.10178(15) 0.20140(16) 1.0 0.0187(7)
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FIG. 6: Rietveld refinement of the Gd3Al5O12 (GAG) sample,
showing the measured X-ray diffraction pattern, the fits and
residuals.
arate phase for which only the cell parameters and the
scale factor were varied. A quantitative analysis of the
impurity phase using the Rietveld refinement gave a 2.4%
weight fraction for the GdAlO3 impurity phase.
While no clear indications of off-stoichiometry were de-
tected in the analysis of the diffraction patterns, we can-
not rule out small levels of substitutional disorder below
the detectable levels of Rietveld refinement. The upper
bound for excess Gd on Li or Al sites (in GTLG and GAG
respectively) is 0.4%, as calculated by the GSAS Rietveld
refinement. There was, however, insufficient contrast to
rule out significant mixing between Gd and Te sites in
GTLG. Nonetheless, it seems unlikely to occur since the
Gd3+ and Te6+ have very different valence charges.
TABLE III: Important inter-atomic distances for Gd3Al5O12
and Gd3Te2Li3O12.
GTLG Dirty GTLG GAG
Atoms Distance (A˚) Distance (A˚) Atoms Distance (A˚)
Li-O 1.870(3) 1.878(3) Al(1)-O 1.7741(17)
Te-O 1.945(3) 1.942(3) Al(2)-O 1.9269(18)
Gd-O 2.391(3) 2.391(3) Gd-O 2.3359(19)
Gd-O′ 2.497(3) 2.491(3) Gd-O′ 2.4843(19)
2. Single crystal GGG
The GGG single crystal was oriented and polished
perpendicular to the [1, 1, 0] direction. Diffuse scatter-
ing measurements were performed covering much of re-
ciprocal space as high resolution diffraction peak profile
measurements. The measurements were performed using
a Huber four circle goniometer sourced by a fine focus
FR571 copper rotating anode coupled to OSMIC colli-
mating multilayer optics. The high resolution peak pro-
file measurements were performed with a double crystal
Ge 220 monochromator added after the multilayer optics
to provide a highly monochromatic beam. The diffuse
scattering measurements were performed without the Ge
monochromator in order to obtain good counting statis-
tics.
No indication of diffuse scattering, which might have
been an indication of chemical disorder or stacking faults
in the sample, was detected. High resolution recipro-
cal space mapping around Bragg reflections showed very
clean resolution-limited symmetric peaks with no appre-
ciable effects due to off-stoichiometry domains in the
sample. If such domains exist they should be larger than
∼ 150 nm in size and exhibit lattice constants identical
to the rest of the perfect crystalline GGG.
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FIG. 7: Radial scan through the (8 4 0) reflection of GGG.
The FWHM is very narrow, indicative of the extremely
perfect crystal quality. Extensive reciprocal space map-
ping at a range of resolution configurations were not able
to detect any measurable twinning, super structure peaks
or diffuse scattering. A slight shoulder on the low-Q side
of the high resolution peak profile (see Fig. 7) corresponds
to a narrow, yet detectable, distribution of lattice con-
stants most probably due to a distribution of stoichiom-
etry (at the level of ±0.0001% of Gd). The mosaic width
of all reflections are resolution-limited at less than 0.01◦.
In other words, the composition is extremely uniform
and the quality of the crystal is exceptionally perfect.
The width of the radial scan corresponds to correlation
lengths larger than 0.8 µm.
In previous work,19,20 the lattice parameter of GGG
samples has been correlated to the excess concentration
of Gd, x, in the formula Gd3+xGa5−xO12, via the phe-
nomenological expression
a = (12.375 A˚)
[
1 +
(
rGd
rGa
− 1
)
0.0268x
]
(A.1)
where the ionic radii are given50 as rGd = 1.053 A˚ and
rGa = 0.62155 A˚.
In order to accurately determine the lattice con-
stant, X-ray diffraction measurements following the Bond
method51 were performed on our single crystal of GGG.
Results from both the (8 4 0) and the (8 8 0) reflections
were in excellent agreement and lead to a lattice constant
of 12.3873±0.0001 A˚. This implies x = 0.053±0.005 or an
excess Gd concentration of 1.8%±0.1%. The diffractome-
ter was aligned to within ±0.01 degree in both the merid-
ional and axial directions of the incident X-ray beam by
a method based on using Borrmann forward diffraction
from a silicon crystal for a full range of χ angles.52
To summarize this structural characterization of three
Gd garnets, probable off-stoichiometry was found in
GGG but not in GAG and GTLG. The measured lat-
tice parameter of GGG is indicative of 1.8% excess Gd
on Ga sites, although insufficient contrast between Gd
and Ga inhibited direct observation of the randomness.
Disorder between Gd and Te in GTLG could also not be
verified due to insufficient contrast. There was enough
contrast to rule out inter-site disorder, above the 0.4%
level, between Gd and Al in GAG and between Gd and
Li in GTLG.
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